ABSTRACT Hydrophobicity of the composite insulators is a parameter which is closely related to the insulation properties. In order to determine whether the insulator in the transmission line needs to be withdrawn, it is necessary to objectively and accurately determine the hydrophobicity grade of the composite insulator. The study on hydrophobicity detection of composite insulators of transmission lines by image analysis is proposed in this paper, by which the hydrophobicity of composite insulators can be measured timely. The grayscale, median filtering, and histogram equalization of the hydrophobic images are fulfilled sequentially, and the water drops (or water marks) region is segmented by binary large object analysis and four parameters related to water repellency are extracted. In addition, the improved support vector machine algorithm is adopted to calculate the hydrophobicity of composite insulators. The results show that seven typical hydrophobic levels of insulators can be recognized by the proposed hydrophobicity detection method whose accuracy is more than 91%.
I. INTRODUCTION
Silicone rubber composite insulators have been widely used in power systems due to their characteristics of light weight, high strength, great resistance to breakage and good pollution resistance [1] . Due to the interaction of strong electric field, air corrosion, ultraviolet radiation, pollution and rain, the surface of silicone rubber composite insulators are damaged and aged with time, which will cause the hydrophobic decrease and even completely ineffective [2] , [3] . The damage will largely degrade the anti-fouling performance of the silicone rubber composite insulators, which will in turn lead to a serious pollution flashover of transmission lines [4] - [7] . The hydrophobicity grade of silicone rubber composite insulator needs to be regularly tested [8] , [9] , whose purpose is to prevent the occurrence of pollution flashover accidents
The associate editor coordinating the review of this manuscript and approving it for publication was Huanqiang Zeng. and improve the reliable operation of power transmission lines [10] . Available hydrophobicity detection methods for the silicone rubber composite insulators mainly include the static contact angle method, the surface tension method and the water spray classification method [11] , [12] .
The static contact angle method requires a laboratory environment to carry out testing experiments [13] . The experimental liquid used in the surface tension method is harmful to human body, which makes the surface tension method rarely used in the insulator hydrophobicity grading process [14] , [15] . The operation of water-spraying is simple, practical and economical [16] , but it needs the insulator moved from the running transmission lines to conduct hydrophobic experiments, which can be high cost in terms of time and resources., and the experimental results may change depending on experimenters [17] . With the continuous development of digital image and smart grid technologies [18] , new efficient detection methods are emerging. This paper proposes study on Hydrophobicity Detection of Composite Insulators of Transmission Lines by Image Analysis, which makes the automatic identification and online monitoring of the insulator hydrophobicity possible.
II. INFLUENCE OF HYDROPHOBICITY ON IMAGES OF COMPOSITE INSULATOR
The main features of composite insulators images include the shape, color, texture, size [19] . However, when the surface of the insulator is attached to a bead (or water trace), which cannot be separated from insulators without water drops on the surface (or marks), the shape, color, texture, size [20] cannot identified due to slight difference between the insulator images under different grades of hydrophobicity. the different hydrophobic grades of composite insulators can only be distinguished by the characteristics of the surface beads (or water marks) on the insulator. Different levels of hydrophobicity in the insulator images show that water drops account for the maximum area ratio of the image and the hydrophobicity grade of composite insulators is determined according to the characteristic quantities of water drops (or water marks) [21] . In this paper, the hydrophobicity grade is divided into three categories, according to the hydrophobic grade of composite insulators. The first category includes HC1, HC2 and HC3 which means the good condition of insulators. The second category includes HC4 and HC5 which means the insulators need further tracking observation. The third category includes HC6 and HC7 which means the poor condition of insulators. The division of these three types of states provides important guiding significance for determining whether insulators need to be withdrawn from use [22] .
III. IMAGE ANALYSIS OF INSULATOR WITH WATER DROPS A. THE OVERALL PROCESS OF THE ALGORITHM
The algorithm flow chart in this paper is shown in Figure 1 , where the insulator images with water beads are considered as the main research object. Firstly, in order to highlight the water drops (water marks) area in the image effectively, the grayscale of images should be detected, and then the image de-noising and image enhancement are fulfilled by the median filter and histogram equalization to enhance contrast and clarity. Secondly, the preprocessed images are segmented and extracted by Blob algorithm and morphological processing, and 4 characteristic quantities which are related to the hydrophobicity grades of insulators are extracted, which are regarded as the input parameters of Support Vector Machine(SVM). Finally, the hydrophobic recognition model based on improved Support Vector Machine(SVM) is established.
B. PREPROCESSING OF INSULATOR IMAGES
Insulators of transmission lines are running in the harsh environment, images contrast and clarity with water drops on insulators obtained by image sensors are generally affected by the objective factors such as pollution, air environment and illumination inequality. Because the noise is also introduced when acquiring and processing images the actual obtained images are blurred [3] , [23] , the obtained composite insulator image with water drops (water marks) need be preprocessed to improve the effective hydrophobicity detection of composite insulators.
1) GRAYING OF COLOR IMAGES
The color images captured by cameras installed on transmission lines are RGB color images, which can be divided into 3 components such as R, G, and B. Any color can be synthesized by the proportion of each component, then a color image can be expressed by the matrix of m * n * 3. The processing of color images will cause change of 3 components, which will result in the chromatic aberration even distortion.3 components are mixed together and sensitive to light, then the simple image grayscale instead of the color space conversion is adopted. The formula for color image graying is given by (1):
(1)
2) IMAGE MEDIAN FILTER DENOISING
Median filter is suitable for extracting water drops contours from the image. The mark points after clustering are VOLUME 7, 2019 denoising processed. After the points in the current 3 * 3 neighborhood are sequenced by using the selection sort algorithm, the pixel value of current point is set to the median value. The pixel values of the unmarked points are not changed, which can be expressed as follows:
In formula (3), where
. . x n is the gray value of the point and its neighborhood.
3) HISTOGRAM EQUALIZATION
Histogram equalization is adopted to change a randomly distributed histogram into an evenly distributed histogram, by which the mapping transformation of the pixel grayscale of the original image is made. The water drops area for the images with too bright or dark foreground can be clearly recognized by the histogram equalization [24] . Let the image element of an image be N, the gray scale range is distributed in [0, L-1], n k have a total of L gray levels, indicating the number of pixels with gray level r k , then the kth gray level appears. The probability can be expressed as:
The transformation function T (r k ) can be rewritten as:
where T (r k ) is the cumulative distribution function of r k . The cumulative distribution function T (r k ) is a function of r and monotonically increases from 0 to 1.
IV. SEGMENTATION AND FEATURE EXTRACTION OF WATER DROPS
The water drops in the image can be identified by BLOB analysis to describe the hydrophobicity level of composite insulators, and some retained small backgrounds and noise interference are erased by morphological processing
A. SEGMENTATION AND FEATURE EXTRACTION OF WATER DROPS
BLOB image segmentation is to separate the image into target pixels and background pixels [25] . After initial segmentation, morphological processing is generally required to meet the operating requirement. The BLOB algorithm, which finds the range of ''gray mutation'' in a region and determines its size, shape, area, and exact position. The algorithm is suitable for occasions with high image quality and good threshold segmentation.. First, the image is segmented (binarized) to obtain several mutually disjoint closed regions, which are processed. In this paper, for the image with water drops, by which different thresholds are used in the BLOB algorithm to threshold the water drops. After the segmentation, the morphological processing is employed to obtain the precise water drops region, which provides a good foundation for the accurate calculation of the following characteristic values. The segmentation of water drops is shown in Table 1 . Table 1 shows the result of OTSU segmentation and morphological processing compared with BLOB segmentation and morphological processing of water drops regions. In the OTSU segmentation and morphological processing, the insulator hydrophobicity level is good in HC1 and HC2, but the region of water drops cannot be accurately segmented in HC3 to HC6. However, the BLOB segmentation can effectively identify water drops areas.
From the segmentation of the water drops in Table 1 , the insulator water hydrophobic changes from HC1 to HC7, and the shape of the water drops is also changing. When the hydrophobicity level of the insulator is at HC1, the water drops on the surface of the insulator exhibit a regular spherical shape; When the grade of insulator hydrophobicity is HC2 and HC3, the regular ball shape of water drops gradually becomes irregular; When the hydrophobicity level of the insulator is at HC4, large water drops have appeared on the surface of the composite insulator, even water with marks. When the hydrophobicity level of the insulator is at HC5 and HC6, the shape of the water drops on the surface of the composite insulator becomes more irregular. When the hydrophobicity level of composite insulator is at HC7 the surface of the composite insulator is completely saturated with water. For the classification of the hydrophobicity level of the composite insulator in actual operation, it is divided into seven grades, which is too detailed, so the division is suitable for theoretical analysis and research experimental. In the composite insulator operation detection process, the online composite insulator is generally divided into three levels: operable, follow-up observation and out of use. Therefore, the hydrophobicity of the composite insulator covered with water drops can be divided into operable in HC1∼HC3. At the same time, there are water drops for HC4 and HC5 grades, which are divided into continued observation. HC6 and HC7 grades have only water marks are classified as damaged or requiring replacement. By this way, the hydrophobicity can be divided into three categories, and the classification method can be used to give a reliable test and evaluation method for the actual running insulator.
B. FEATURE EXTRACTION 1) CALCULATION OF CHARACTERISTIC VALUES
Every water characteristic target area is calculated, which includes the area, circumference, shape, center coordinate and others. The characteristic value is the various information which needs to be obtained in the analysis algorithm, including the line boundary point, the minimum circumscribed rectangle, the area, the perimeter, the convex polygon, and the center position. The characteristic values are computed by the BLOB algorithm, as shown in Figure 6 . 
2) EXTRACTION OF CHARACTERISTIC PARAMETERS
The characteristic parameters are extracted from the segmented image, 4 of which are related to the hydrophobicity of the insulator such as the eccentricity e of the aspect ratio of water drops, the shape factor f c [26] of the water drops, the minimum distance d between two water drops, the maximum water drops (or water marks) occupies the area ratio of the entire image K [27] . 4 characteristic parameters are not affected by the shape, running time, temperature, VOLUME 7, 2019 illumination, pollution distribution and other factors of the insulators, only by the hydrophobicity level of the insulators. The relevant expression is as follows.
a. The eccentricity e of the aspect ratio of water drops
In formula (3),b, a respectively represents the rectangle length and width after fitting the rectangle feature of the segmented insulator water drops. In this paper, the method of fitting the insulator drops is to take its outer rectangle, whose direction are free and not limited to the coordinate axis. The best outer rectangle closest to the drops partition region can be obtained by fitting. After the rectangular feature fitting of the optimal hydrophobic insulator, we gain the length-width ratio is 1, and the value of e is 0.Therefore, the aspect ratio obtained by fitting the rectangular feature is calculated by comparing the degree of deviation e with 1 to obtain the hydrophobicity level. b. Shape factor f c of the largest water drops
In formula (4),s, l respectively represents the area and circumference of the largest water drops above an insulator. In order to obtain more accurate results, the area and circumference of the largest water drops above an insulator are selected without any fitting. Both the area and the perimeter are calculated in pixels. When the water drops are round (i.e., the water repellency is optimal), the shape factor f c = 1. Conversely, when the composite insulator is poorly waterrepellent, the shape of the water drops (or water marks) on the surface is more irregular than the standard circular shape, and the shape factor f c is smaller.
c. The minimum distance d between two water drops
In formula (5), o 1 (x 1 , y 1 ) is the central coordinate of one water drop, o 2 (x 2 , y 2 ) is the central coordinate of another one. The minimum distance d between the two water drops of the entire image should be calculated, which reflects the degree of proximity between the two water drops. The larger d is, the better the hydrophobicity of the composite insulator will be. d. The area ratio of the maximum water drops in the entire
In formula (6) S max represents the area of the largest drops, S represents the total area of the image. Due to the good hydrophobicity of insulators, water drops show regular shapes on the surface, and the proportion of the largest water drops in the whole image is relatively small. The conclusion that the smaller the maximum area ratio K is, the better the hydrophobicity of the insulator can be obtained by experiments. The individual characteristics of hydrophobic grades of determination results are not reliable, the eccentricity e of the aspect ratio of water drops and the minimum distance d between two water drops are suitable for determining the hydrophobicity of insulators of the HC1 and HC2 grades. The shape factor f c of water drops is suitable for determining the hydrophobicity of insulators of the HC3 and HC4 grades. The maximum area ratio K is suitable for determining the hydrophobicity of insulators of the HC1, HC2, HC5, HC6, and HC7 grades. The minimum distance d between the two water drops, the eccentricity e of the aspect ratio, the shape factor f c , and the maximum area ratio K of the water drops can be combined for a more accurate insulation level of the insulator. In addition, the surface of the composite insulator is completely saturated for HC7 grade, it is only necessary to judge the maximum area ratio which is 100%.
By calculating the four characteristics above, a group of sample data can be obtained as shown in table 2.
The reference parameters for K and f c under different hydrophobicity levels are shown in Table 3 , K and f c in Table 2 are also compared. The hydrophobic level could be accurately determined 
V. INSULATOR HYDROPHOBIC DETECTION MODEL
The hydrophobicity grade of insulators is determined by the combination of four characteristic variables. But the artificial judgment is more cumbersome and subjective. Support Vector Machine(SVM) shows many unique advantages in solving small sample, nonlinear and high-dimensional pattern recognition. 56 sets of sample data are selected for the waterrepellent grade experiment, which are still small sample. An intelligent model is necessary to be established, then the Support Vector Machine(SVM) classification algorithm based on grid optimization method is adopted.
Support Vector Machine(SVM) is another pattern recognition method different from neural network [29] , [30] , which has the confidence range fixed by selecting the appropriate model (optimal classification surface) under the condition of small sample learning, to minimize the empirical risk. Firstly, the grid search method determines the value range of each parameter as [-10,10] . Secondly, interpolate c, g and parameter number which increase 0.2 each time, and obtain the optimal parameter. Finally, a fixed algorithm is used to calculate each grid point. The overall flow chart is shown in Figure 7 .
The original classification diagram for the hydrophobicity level of the insulator is shown in Fig. 8 , which have 7 subcategories. In the first two-category, the hydrophobicity level of the composite insulator is divided into HC1 and HC2, HC3, HC4, HC5 and HC6 grades, in the second two-category, the hydrophobicity level of the composite insulator is divided into HC2 and HC3, HC4, HC5, HC6, and HC7 grades. By analogy, the composite insulator is divided into seven grades.
VI. EXPERIMENTAL RESULTS AND ANALYSIS

A. RESULTS OF SUPPORT VECTOR MACHINE(SVM)
56 composite insulator hydrophobic images of different hydrophobic levels are selected as research objects, 46 sample data are taken as the training data, and 10 sample data are taken as the test data. The input features of Support Vector Machine(SVM) include the eccentricity of aspect ratio of water drops e, the shape factor of water drops f c , the minimum distance between two water drops d, the maximum area ratio of water drops K, and the output levels include HC1, HC2, HC3, HC4, HC5, HC6 and HC7.The feature quantity of 100 training samples are extracted as the input of the Support Vector Machine(SVM), and the hydrophobic level is used as the output. The Support Vector Machine(SVM) is trained, and then 10 samples of each level are selected as test samples for simulation test, and the corresponding discrimination level of hydrophobicity can be obtained
The results are shown in table 4. There are significant differences among the four characteristic quantities of different hydrophobic grades. When 10 test samples were selected, the accuracy rate was 100% which are consistent with the actual grade, as shown in Figure 9 . As seen from Table 5 , the average recognition accuracy of Support Vector Machine(SVM) is 91%, and the recognition accuracy of Back Propagation(BP) neural network and Generalized Regression Neural Network(GRNN) are 80% and 87% respectively. It can show that the Support Vector Machine(SVM) model has the highest recognition result for each hydrophobic grade, which is obviously superior to other methods.
VII. CONCLUSION
A hydrophobicity detection method of composite insulator transmission lines by image analysis is proposed in this paper.
Binary Large Object analysis and morphology are used to process the image to achieve more accurate segmentation of water drops, which laid a good foundation for accurate extraction of subsequent hydrophobicity characteristic values. 140 groups of test samples were used to compare the performance of different detection models. The Support Vector Machine can effectively identify 7 typical hydrophobic levels of insulators, with a total recognition rate of 91%, meeting the requirements of practical application.
The method in this paper only analyzes the hydrophobicity of the surface of an insulator with only water drops. Due to the complicated environment of the outside world, the contamination of the surface of the camera and the insulator, and other factors that limit the accurate segmentation of the waterrepellent image water drops of the insulator, further research is needed.
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